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Abstract
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Individual differences in dimensions of impulsivity personality including disinhibition and
sensation seeking modulate approach responses to reinforcing stimuli, such as drugs and money.
The current study examined the effects of monetary incentive on both behavioral performance and
electrophysiological activity among individuals varying in disinhibition and sensation seeking.
The monetary incentive delay (MID) task was completed under electroencephalogram (EEG)
recording. Behavioral data showed that higher disinhibition and sensation-seeking were associated
with lower performance accuracy. Event-related potential (ERP) data showed that high
reinforcement cues elicited a larger late positive component (LPC) than other conditions among
high disinhibition participants, indicating its strong emotional influence. Additionally, in the
neutral incentive condition, the feedback-related negativity (FRN) elicited by correct outcomes
was larger than that elicited by incorrect outcomes in the high disinhibition group, only. This novel
finding indicates that high disinhibition participants were less likely to expect correct outcomes
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compared to incorrect outcomes in the neutral incentive condition. Finally, the P3 component
elicited by outcome presentation showed an interaction between two impulsivity dimensions;
when disinhibition level was low, the P3 was larger among high than low sensation seeking
participants.

Keywords
impulsivity; monetary incentive delay (MID) task; event-related potential (ERP); feedback-related
negativity (FRN); P3 component; late positive component (LPC)

Author Manuscript

Risk-related behaviors, such as drug use, gambling, and risky sexual activity, occur in
contexts in which the consequences may be reinforcing, punishing, or both, and the
probabilities of the outcomes are uncertain (Loewenstein, Weber, Hsee, & Welch, 2001). For
example, the chemical composition of drugs, which determines both reinforcing efficacy and
the possibility of untoward response (e.g., allergic reaction, overdose) is often unpredictable,
particularly if drugs are acquired from an unknown or illicit source. Uncertain adverse legal
and social consequences are also associated with drug possession (Macleod et al., 2004).
Gambling is defined by uncertain financial consequences (Fiorillo, Tobler, & Schultz, 2003).
Health risks associated with risky sexual behavior are often difficult to predict (Hill, Ross, &
Low, 1997). It is clear that the decision to engage in risk-related behaviors reflect a
confluence of approach and avoidance processes.

Author Manuscript
Author Manuscript

Individual differences in the probability of engaging in risk-related behavior have been
associated with impulsivity (L. E. Martin & Potts, 2009), which is characterized by the
increased seeking of immediate reward, a reduced delay tolerance, and an inability to plan
ahead (Diekhof et al., 2012). High impulsive individuals are at increased health risk due to
their participations in risky activities, such as illegal drug abuse, skydiving, and sexual
experimentation (Dalley, Everitt, & Robbins, 2011; Ersche, Turton, Pradhan, Bullmore, &
Robbins, 2010; Jiang et al., 2009; Joseph, Liu, Jiang, Lynam, & Kelly, 2009). Higher levels
of impulsivity are associated with hypersensitivity to reward but hyposensitivity to
punishment; in other words, both approach and avoidance processes play important roles in
impulsivity (Bari & Robbins, 2013). There is a growing consensus that impulsivity is a
multidimensional construct, but the precise number of its facets is still debated (Gullo,
Loxton, & Dawe, 2014). In this paper, we follow the suggestion of two-factor theoretical
models (e.g., Dalley et al., 2011; Dawe, Gullo, & Loxton, 2004) and decompose impulsivity
into two global dimensions, which are labeled as disinhibition (or ‘rash impulsiveness’) and
sensation seeking based on our previous studies (Harvanko, Martin, Lile, Kryscio, & Kelly,
2016; Perry et al., 2010). Disinhibition refers to a tendency to engage in rash, spontaneous
behavior regardless of potential risk or harmful outcomes (Dalley et al., 2011), while
sensation seeking is defined as a tendency to seek out novel and thrilling experiences along
with the willingness to take risks (Ersche et al., 2010; Fischer & Smith, 2004). Disinhibition
and sensation seeking modulate the influence of drug on behavioral performances, including
the enhanced attention toward drug-related cues, the inability to resist drug cravings, and the
lack of forethought about negative consequences (Dalley et al., 2011; Harvanko et al., 2016;
Kelly et al., 2006; Marusich, Darna, Charnigo, Dwoskin, & Bardo, 2011). Our previous
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research has demonstrated that individual difference in response to reinforcing stimuli such
as food, drugs, and money, is linked to impulsive personality dimensions (e.g., Jiang et al.,
2009; Joseph et al., 2009; Kelly et al., 2006; S. B. Martin et al., 2007; Perry et al., 2010).
The purpose of this study is to investigate the relationship between behavioral performance
on a task involving both reinforcing and avoidance consequences and individual differences
in disinhibition and sensation seeking.

Author Manuscript

To test brain responses to incentive stimuli among individuals varying in impulsivity, we
applied a version of the monetary incentive delay (MID) task (Knutson, Adams, Fong, &
Hommer, 2001; Knutson, Westdorp, Kaiser, & Hommer, 2000), which is adapted from nonhuman primate research on motivation (Schultz, Tremblay, & Hollerman, 1998) and has
been examined extensively in human studies (for a review, see Balodis & Potenza, 2014).
This task was designed to investigate the effect of monetary gains and losses on cognitive
function by providing various incentive cues (Samanez-Larkin et al., 2007). In this task,
participants are asked to respond as quickly as possible to the appearance of a target. Prior to
target presentation, incentive cues indicate the context of the current trial, that is, whether
participants could earn money or avoid losses by responding within a limited time window.
The MID task has been used successfully to examine individual differences (e.g.,
depression, alcohol dependence, ageing) in incentive processing (Bjork, Hommer, Grant, &
Danube, 2004; Bjork, Knutson, et al., 2004; Bjork, Knutson, & Hommer, 2008; Joseph et al.,
2015; Knutson, Bhanji, Cooney, Atlas, & Gotlib, 2008; Samanez-Larkin et al., 2007).

Author Manuscript

Event-related potential (ERP) reflects the summation of post-synaptic potentials time-locked
to an event of interest, collecting from the electrodes placed at the scalp (Amodio,
Bartholow, & Ito, 2014). ERP biomarkers are useful tools to aid our understanding of brain
mechanism associated with incentive processing (Kamarajan et al., 2008; L. E. Martin &
Potts, 2004) and they are valuable for investigating individual difference in this process (L.
E. Martin & Potts, 2004, 2009). In the current study, three ERP components are selected as
electrophysiological measures, not only because of their importance in the processing of
incentive stimuli (San Martín, 2012), but also because of the results of previous studies
which used the MID task for ERP research (Broyd et al., 2012; Pfabigan et al., 2015).
According to their sequence in time, these components are feedback-related negativity
(FRN), P3, and late positive component (LPC), respectively.

Author Manuscript

A dominant theory is that the FRN represents the decoding of reinforcement value of
outcome feedback, such that unfavorable outcomes elicit a larger FRN than favorable
outcomes (Holroyd & Coles, 2002; Nieuwenhuis, Holroyd, Mol, & Coles, 2004). However,
recent studies based on the predicted response outcome (PRO) model contend that the FRN
reflects the unexpectness/surprisingness of an event regardless of its favorableness, which
means the amplitude of this component is generally larger for unexpected events than for
expected ones (Ferdinand, Mecklinger, Kray, & Gehring, 2012). This viewpoint has received
lots of support in the recent literature (Garofalo, Maier, & di Pellegrino, 2014; Hauser et al.,
2014; Sambrook & Goslin, 2014; Talmi, Atkinson, & El-Deredy, 2013).
Following the FRN peak, the P3 is a well-studied component that has been associated with
various cognitive functions including attention allocation, memory updating, and stimulus
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evaluation (Polich, 2007; Polich & Criado, 2006). Generally, the interpretation of the P3
function is highly context-dependent. In decision-making studies, the P3 has often been
linked to the motivational significance of the ongoing event (Nieuwenhuis, Aston-Jones, &
Cohen, 2005; San Martín, 2012). Heightened P3 amplitudes indicate stronger motivational
impact of an outcome (Polezzi, Sartori, Rumiati, Vidotto, & Daum, 2010). Consistent with
this interpretation, the P3 amplitude increased in individuals who attributed more meaning to
outcomes (De Bruijn, Mars, & Hulstijn, 2004) or showed stronger desire for rewards (Zheng
et al., 2010).

Author Manuscript

Finally, although not typically studied in the context of decision-making, the LPC is also
sensitive to the processing of incentive stimuli. This component, which emerges in a
relatively late time window, is suggested to reflect sustained emotional experience to a
stimulus (Hajcak, Dunning, & Foti, 2009; Hajcak & Olvet, 2008). In decision-making
studies, reward-predicting cues elicit a larger LPC than non-reward cues. The same LPC
pattern was observed when comparing outcome feedback following reward cues with that
following non-reward cues. Lastly, emotional up-regulation strengthens the aforementioned
effects (Langeslag & van Strien, 2013; Pornpattananangkul & Nusslock, 2015). These
findings indicate that the LPC amplitude increases as a function of emotional experience to
incentive stimuli (Pornpattananangkul & Nusslock, 2015).

Author Manuscript

Broyd et al. (2012) first examined the ERPs in the MID task and suggested that the ERP
components generally showed their typical patterns. Specifically, the FRN was larger
following monetary loss, and the P3 was enhanced in both incentive conditions (gain/loss)
than the neutral condition (Broyd et al., 2012; see also Flores, Munte, & Donamayor, 2015;
K. D. Novak & Foti, 2015). In contrast, Pfabigan et al. (2014) reported that the P3 elicited
by gain cues was larger than both loss and neutral cues, while the latter two condition
showed no difference (see also Vignapiano et al., 2016). Additionally, Pfabigan et al. (2015)
found that the FRN elicited by the neutral outcome is sensitive to its unexpectedness
modulated by cues. Finally, the LPC elicited by MID feedback denoting monetary gain or
successfully avoiding monetary loss is larger than non-reward feedback (Broyd et al., 2012).
In short, the validity of the FRN, P3, and LPC as neural makers of incentive processing has
been established with the MID task. Most relevant to the current study, Novak, Novak,
Lynam, and Foti (2016) discovered that in the MID task, sensation seeking scores were
positively correlated with the outcome-FRN amplitude, but negatively correlated with the
cue-P3 amplitude across incentive conditions. However, only the P3 elicited by cues and the
FRN and P3 elicited by outcomes were analyzed. A more comprehensive analysis of ERP
signals during the course of the MID task may lead to novel findings about impulsivity
dimensions.

Author Manuscript

We expected to observe individual difference on MID task performance as a function of both
disinhibition and sensation seeking status. First, participants high in disinhibition might find
it difficult to inhibit behavioral reactions at inappropriate timepoints (see also Goudriaan,
Oosterlaan, De Beurs, & Van Den Brink, 2008). In addition, high disinhibition participants
may also show a larger FRN in response to MID feedback because they tend to act rashly
without consideration of consequences, and therefore would be more likely to receive
unexpected feedback. This hypothesis is supported by the positive correlation between the
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FRN amplitude and disinhibition in previous research (Balconi & Crivelli, 2010).
Meanwhile, both incentive cue processing and outcome evaluation would vary based on
sensation seeking status. Specifically, we predicted that high incentive cues and/or outcomes
would induce stronger motivational impact (indicated by a larger P3) and emotional feelings
(indicated by a larger LPC) of incentive stimuli among high sensation seeking participants.

Methods
Participants

Author Manuscript
Author Manuscript

Advertisements for experimental participants placed in local newspapers and on flyers
distributed throughout the local community directed volunteers to a website, where study
information was provided, and brief health and demographic eligibility was requested. At
this website, individuals completed a Likert-scale variation (item scores of 0 to 4) of the 19item version of the Impulsive Sensation Seeking (ImpSS) Scale from the ZuckermanKuhlman Personality Questionnaire (ZKPQ) (Hojat & Zuckerman, 2008; Whiteside &
Lynam, 2003). Excellent reliability and validity of this scale has been established (McDaniel
& Mahan, 2008). 4 of the 19 items are specific to the impulsivity dimension of disinhibition,
11 are specific to the impulsivity dimension of sensation seeking, and 4 contribute to both
dimensions (Lynam, personal communication). Using gender-based median splits on the 4
disinhibition and 11 sensation-seeking items [disinhibition: high scores ≥ 10 for males and
females (i.e., no gender differences in median scores on these 4 items); sensation seeking:
high scores ≥ 24 for males and ≥ 23 for females], individuals were characterized as high and
low on each of these impulsivity dimensions and were assigned to one of four groups
accordingly (see Group Demographics in the Results section). The functional validity of
distinct disinhibition and sensation seeking effects have been confirmed in previous studies
on substance use, alcohol dependence, and pathological gambling (Campanella et al., 2016;
Fischer & Smith, 2008; Harvanko et al., 2016; Joseph et al., 2015; Shin, Hong, & Jeon,
2012).

Author Manuscript

Individuals attended an initial informational session, and after providing informed consent in
accord with the University of Kentucky Medical Institutional Review Board, completed
medical and psychological questionnaires, including locally-developed health and personal
history questionnaires, a 17-item drug use questionnaire derived from the Addiction Severity
Index (McLellan et al., 1992), the Michigan Alcoholism Screening Test (Selzer, Vinokur, &
van Rooijen, 1975), the Sensation-Seeking Scale (Form V; Zuckerman, Eysenck, &
Eysenck, 1978), and the computerized Edinburgh Handedness Inventory (Oldfield, 1971).
Participants also completed an eye exam using the MIS Pocket Vision Guide. Pregnancy and
drug use (see Table 1) were assessed via breath (Alcohol Sensor III, Intoximeters, Inc.; piCO
Carbon Monoxide Monitor, Bedfont Scientific) and urinalysis (Integrated E-Z Split Key®
Cup II, Acon Laboratories, San Diego, CA; hCG Assay, Rapid Detect, Inc., Poteau, OK).
Inclusion criteria included good health and right handedness. Exclusion criteria consisted of
(1) any major medical conditions, including neurological (e.g., stroke or seizures),
psychiatric (e.g., depression, schizophrenia, panic disorder), and learning (e.g., dyslexia,
dyspraxia) disorders, (2) prior closed head injury or concussion, (3) the presence of metal in
or on the body, (4) poor vision that could not be corrected, (5) current use of medications
Neuropsychologia. Author manuscript; available in PMC 2018 August 01.
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affecting the central nervous system, (6) a history of substance abuse, (7) daily use of
nicotine, and (8) pregnancy.
Experimental Procedure
Participants were recruited in order to examine the independent and interactive effects of
disinhibition and sensation seeking on MID task performance and associated
electrophysiological activation. Each participant completed two sessions, the first involving
functional magnetic resonance imaging (fMRI) and the second involving
electrophysiological recording. Session order was counterbalanced within group and gender.
Multiple tasks were completed during each session. Due to technical problems, data from six
participants were excluded from both the fMRI and ERP data analysis. Consequently, data
from 86 participants were included in the final sample. Absence of drug use was verified by
urinalysis testing prior to both sessions.

Author Manuscript

Monetary Incentive Delay (MID) Task Design

Author Manuscript

Figure 1 illustrates the experimental procedure of an exemplar trial. At the start of each trial,
the incentive cue was presented for 1200 ms. A crosshair was then displayed for a variable
interval (1200–2500 ms), followed by presentation of the target screen (white square
presented for 130–360 ms). Participants were instructed to press the space bar on the
keyboard as soon as the target screen appeared. Target duration began at 250 ms. If
participants’ overall response accuracy level was higher than 66% and also made a correct
response in the current trial, then target duration would be shorted by 10% in the next trial;
meanwhile, if accuracy level was lower than 66% and participants made an incorrect
response in the current trial, then target duration would increase by 10% in the next trial.
The crosshair was then displayed again until the cumulative duration reached 1000 ms,
followed by presentation of the trial outcome screen (700 ms). After a blank presentation
lasting for 300 ms, the screen ‘next trial’ (2000 ms) indicated that the following trial was
about to begin. Stimuli were presented with E-Prime 1.1 software (Psychology Software
Tools, Inc., Pittsburgh, PA).

Author Manuscript

The MID task consisted of 180 trials of successive incentive cue, target and outcome screen
presentations (Bjork, Knutson, et al., 2004; Bjork et al., 2008). Five distinct trial incentive
conditions were presented in random order; the number of trials was equal across conditions.
Incentive condition was signaled by the cue screen: two reinforcement trial conditions
(+1.20 and +0.20 cues presented in blue font), two avoidance trial conditions (−1.20 and
−0.20 cues presented in red font), and one neutral trial condition (+0.00 denoted in gray
font). In light of the study of Samanez-Larkin et al. (2007), literal symbolic cues (i.e.,
writing the incentive information of the current trial in Arabic numerals) were applied to
replace the traditionally used abstract symbolic cues. On reinforcement trials, if the
participant responded within the time window of the target screen, they would win $1.20 or
$0.20. Conversely, on avoidance trials, if the participant responded within the time window
of target screen, they would avoid losing $1.20 or $0.20. During neutral cue trials, no
monetary consequences were associated with performance.
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The 180 trials were presented in four blocks of 45 trials, with each block separated by a
short rest period. Participants were notified of their cumulative earnings at the end of each
block. The lower limit for total earnings did not fall below $0, that is, the participant did not
owe money in any case. The actual earning varied based on task performance.
Psychophysiological recording and data analysis
EEGs were recorded from 64 sites using Ag/AgCl electrodes embedded in an elastic cap
(NeuroScan, Inc., Herndon, VA) at locations designed to cover the scalp. Two additional
channels were used for monitoring horizontal and vertical eye movements. An electrode
placed between Cz and CPz served as a reference. ERP responses were later re-referenced
offline to the average of the left and right mastoid potentials. All inter-electrode impedance
was maintained at < 5 kΩ. EEG and EOG signals were amplified with a 0.01–100 Hz online
band-pass filter and continuously sampled at 500 Hz/channel.

Author Manuscript

During the offline analysis, ocular artifacts were removed from the EEG signal using a
regression procedure implemented with Neuroscan software (Semlitsch, Anderer, Schuster,
& Presslich, 1986). The EEG data were then digital filtered (zero phase shift) with a
bandpass of 0.05–40 Hz and were segmented into epochs time-locked to the onset of
stimulus presentation. Epochs were then averaged separately for each participant and each
condition. Each averaging epoch lasted for 900 ms with an additional 100 ms recorded prior
to stimulus onset to establish a baseline reference. Any trial in which maximum EEG
voltage exceeded a threshold of ± 100 μV during the recording epoch was excluded from
further analysis. After data preprocessing, the surviving trials were determined as artifactfree (−1.2: 95.7%; −0.12: 95.4%; 0: 95.7%; +0.12: 95.5%; +1.2: 95.0%).

Author Manuscript

As described in the Introduction section, three ERP components (FRN, P3, and LPC) of the
900 ms epochs elicited by both the cue and outcome screens were examined. The time
window (determined by visual detection on grand-averaged waveforms) for data analysis of
each component (mean amplitude measurement) was: FRN, 200–300 ms post screen
presentation; P3, 300–450 ms post screen; LPC, 450–850 ms post screen.
Please note that, although the FRN is traditionally associated with outcome feedback
presentation, recent studies suggest that stimulus cues which predict outcomes evoke an
FRN as well (e.g., Dunning & Hajcak, 2007; Liao, Gramann, Feng, Deak, & Li, 2011; for a
review, see Walsh & Anderson, 2012). Therefore, the second prominent negative peak in the
averaged ERP waveform following cue presentation is also labeled as the FRN, which
shared the same time window for analysis with the outcome-related FRN.

Author Manuscript

Statistical Analysis
Response accuracy was calculated by dividing the number of correct trials by the total
number of trials. Here, ‘correct’ was defined as a behavioral response within target duration
in a given trial. Response times were defined as the time interval from target onset to button
press. The performance data (response accuracy and reaction time) were analyzed using
three-way Incentive (five levels: −1.2, −0.2, 0, +0.2, +1.2) × Disinhibition (high vs. low) ×
Sensation Seeking (high vs. low) analysis of variance (ANOVA) tests, with the Disinhibition
and Sensation Seeking groupings as between-subject factors.
Neuropsychologia. Author manuscript; available in PMC 2018 August 01.
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Electrophysiological data following cue screen presentation were analyzed by first
determining the electrode location of maximal signal across the midline (Fz, FCz, Cz, CPz,
Pz, POz, and Oz), and then calculating the mean amplitude of this electrode and eight
adjacent electrodes (Gu et al., 2011). See Figure 2 for the selection of electrodes. As pointed
out by Luck and Gaspelin (2017), collapsing the data across nearby electrode sites helps
simplify the structure of data analysis and increase the signal-to-noise ratio.
The results were entered into three-way Incentive × Disinhibition × Sensation Seeking
ANOVA tests. The same method was applied to the analysis of electrophysiological data
following outcome screen presentation, except that correctness of trial outcome (correct vs.
incorrect) was added as the fourth factor in ANOVA tests.

Author Manuscript

For all analyses, the significance level was set at 0.05. Greenhouse–Geisser corrections were
used when appropriate. Post-hoc testing of significant main effects was conducted using the
least significant difference (LSD) method. Significant interactions were analyzed using
simple-effects models. Partial eta-squared ( ) values were provided to demonstrate effect
size where appropriate, such that 0.05 represents a small effect, 0.10 represents a medium
effect, and 0.20 represents a large effect (J. Cohen, 1973). Statistical analysis was performed
using SPSS 15.0 (SPSS, Inc., Chicago, IL). Only significant effects are reported hereafter.

Results
Group Demographics

Author Manuscript

The validity of our grouping was confirmed; the four groups differed significantly on the
two dimensions of the ImpSS from the ZKPQ, as well as on total score and on the
disinhibition, experience seeking, and thrill and adventure seeking subscales of the
Sensation Seeking Scale (Form V), but not in gender, age, or substance use (alcohol,
tobacco, etc. See Table 1 for details).
MID Task Performance
Response Accuracy (ACC)—The main effect of Incentive was significant (F(4, 328) =
). Post-hoc analyses indicated significant differences in accuracy
26.500, p < .001,
across all trial conditions; accuracy was lowest during neutral incentive trials, and increased
as a function of incentive for the reinforcement trials, but not the avoidance trials (see Table
2). The main effect of Disinhibition was significant (F(1, 82) = 7.782, p = .007,
),
with response accuracy among low disinhibition participants (65.6%) being higher than high
disinhibition participants (64.7%). The main effect of Sensation Seeking was also significant

Author Manuscript

(F(1, 82) = 7.938, p = .006,
), with response accuracy for low sensation-seeking
participants (65.6%) being higher than high sensation-seeking participants (64.7%).
Response Time (RT)—The main effect of incentive was significant (F(4, 328) = 24.932,

p < .001,
). Post-hoc analysis revealed significant differences in RT across all trial
conditions, except for the comparison between low reinforcement (‘0.12’) and low
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avoidance (‘−0.12’) trials; RT was longest during neutral incentive trials, and decreased as a
function of incentive for the reinforcement trials, but not the avoidance trials (see Table 2).
ERP Response to Incentive Cues
FRN component—The FRN was largest at the frontal-central area of the scalp - electrode
position FCz (3.75 μV). Accordingly, the data at this electrode and eight adjacent electrodes
(F1, Fz, F2, FC1, FC2, C1, Cz, and C2) were chosen for analysis. The arithmetic averages of
the mean amplitudes of these electrodes were entered into the ANOVA test, as suggested by
Luck and Gaspelin (2017). The main effect of Incentive was significant (F(4, 328) = 5.664, p
= .002,
); the FRN was largest during neutral incentive trials, and decreased as a
function of incentive for both the reinforcement and avoidance trials (see Table 2; see also
supplementary material).

Author Manuscript

P3 component—The P3 was largest at the parietal-occipital area of the scalp - electrode
position POz (7.27 μV). Accordingly, the mean amplitudes of this electrode and eight
adjacent electrodes (P1, Pz, P2, PO3, PO4, O1, Oz, and O2) were entered into the ANOVA
);
test. The main effect of Incentive was significant (F(4, 328) = 17.341, p < .001,
the P3 was largest for high reinforcement (‘+1.2’) trials, and smallest for neutral incentive
trials. In general, the P3 amplitude increased as a function of incentive for both the
reinforcement and avoidance trials (see Table 2; see also supplementary material).
LPC component—The LPC was largest at the parietal area of the scalp - electrode
position Pz (3.56 μV). Accordingly, the mean amplitudes of this electrode and eight adjacent
electrodes (CP1, CPz, CP2, P1, P2, PO3, POz, and PO4) were entered into the ANOVA test.

Author Manuscript

The main effect of Incentive was significant (F(4, 328) = 31.155, p < .001,
); the
LPC was largest during high reinforcement trials. The LPC increased as a function of
incentive for the reinforcement trials, but not the avoidance trials (see Table 2). The
Incentive × Disinhibition interaction was significant (F(4, 328) = 2.575, p = .049,
):
in high disinhibition participants, the LPC during high reinforcement trials was significantly
larger than all the other conditions (ps ≤ .005); in low disinhibition participants, the LPC
during high reinforcement trials was larger than all the other conditions (ps ≤ .001) except
high avoidance trials (p = .072) (see Figure 3).
ERP Responses to Outcome Presentation

Author Manuscript

FRN component—The FRN was largest at the frontal area of the scalp - electrode
position Fz (7.13 μV). Accordingly, the mean amplitudes of this electrode and eight adjacent
electrodes (FP1, FPz, FP2, F1, F2, FC1, FCz, and FC2) were entered into the ANOVA test.
A main effect of Incentive was observed (F(4, 312) = 14.192, p < .001,
); the FRN
was largest during neutral incentive trials, and decreased as a function of incentive for both
the reinforcement and avoidance trials (see Table 2). A three-way Incentive × Correctness ×
). SimpleDisinhibition interaction was observed (F(4, 312) = 4.452, p = .002,
effects analyses indicated a significant Incentive × Correctness interaction for high
disinhibition (F(4, 152) = 4.698, p = .002,

) but not low disinhibition participants (p
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> .05), with group differences most apparent during neutral incentive trials (see also
supplementary material). As illustrated in Figure 4, during neutral incentive trials, correct
outcomes engendered a greater FRN than incorrect outcomes among high disinhibition
participants (p = .024,
), but the effect of correctness was not significant in low
disinhibition groups (p = .231).
P3 component—The P3 was largest at the central area of the scalp - electrode position Cz
(11.93 μV). Accordingly, the mean amplitudes of this electrode and eight adjacent electrodes
(FC1, FCz, FC2, C1, C2, CP1, CPz, and CP2) were entered into the ANOVA test. A main
effect of Incentive was observed (F(4, 320) = 22.884, p < .001,
); the P3 was
smallest during neutral incentive trials, and increased as a function of incentive for both the
reinforcement and avoidance trials (see Table 2). A significant Disinhibition × Sensation

Author Manuscript

Seeking interaction was observed (F(1, 80) = 4.782, p = .032,
). Specifically, the
effect of sensation seeking on P3 amplitudes was significant (F(1, 42) = 4.213, p = .046,
) with low disinhibition levels, such that high sensation-seeking participants showed
a larger P3 elicited by outcome feedback than their low sensation-seeking counterparts; in
contrast, this effect was not significant (F(1, 38) = 1.009, p = .322) with high disinhibition
levels (see Figure 5).
LPC component—The LPC was largest at the central area of the scalp - electrode position
Cz (4.93 μV). Accordingly, the mean amplitudes of this electrode and eight adjacent
electrodes (FC1, FCz, FC2, C1, C2, CP1, CPz, and CP2) were entered into the ANOVA test.

Author Manuscript

A main effect of Incentive was observed (F(4, 320) = 5.191, p = .002,
); the LPC
was larger in high avoidance trials than the other conditions (ps ≤ .012) except high
reinforcement trials (p = .702) (see Table 2).

Discussion
This study investigates the influence of disinhibition and sensation seeking dimensions of
impulsive personality on behavioral performance and brain activation during MID task
performance as a function of monetary incentive conditions. Impulsive personality
dimensions were associated with individual differences in response accuracy and
electrophysiological signals. Further, the influences of disinhibition and sensation seeking
on the ERPs showed different patterns, reflecting distinct effects of the two dimensions of
impulsivity. In our opinion, the current findings indicate a possibility to dissociate the two
dimensions on the neural level.

Author Manuscript

We expected that individual difference in disinhibition would be related to worse MID task
performance. In reality, the main effects of both disinhibition and sensation seeking were
observed, such that low disinhibition groups exhibited more accurate performance than their
high disinhibition counterparts, and the same was true for sensation seeking. The behavioral
results reveal that the cognitive functions associated with accurate responses in the MID task
are weakened among individuals high in either disinhibition or sensation-seeking levels.
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This finding is in line with previous observations that impulsivity dampens behavioral
performance in cognitive tasks (Brown et al., 2012; Ersche et al., 2010; Kim & Lee, 2011).

Author Manuscript

Although the MID task performance did not distinguish between the two impulsivity
dimensions, the ERP results revealed independent influences of disinhibition and sensation
seeking on electrophysiological signals. These influences were evidenced on the LPC
elicited by incentive cue presentation and on the FRN and P3 elicited by outcome screens.
First, the LPC in response to incentive cues showed an interaction between incentive levels
and disinhibition: in high disinhibition groups, the LPC elicited by high reinforcement cues
was larger than the other four types of cues; in low disinhibition groups, however, the LPC
was not significantly different between high reinforcement and high avoidance cues. Based
on this finding, we suggest that for high disinhibition people, the emotional influence of
high reinforcement cues is predominant. In contrast, high reinforcement and high avoidance
cues produce comparable emotional influence on low disinhibition people.

Author Manuscript

The FRN elicited by outcome presentation was insensitive to the correctness factor, which
does not support the traditional ‘favorableness’ hypothesis of the FRN (Hajcak, Moser,
Holroyd, & Simons, 2006; Nieuwenhuis et al., 2004; see also the Introduction section).
Instead, we use the PRO model to interpret the current FRN findings. This component
reached its peak in the neutral incentive condition, and declined as a function of incentive for
both reinforcement and avoidance trials. Based on the PRO model, we suggest that in high
incentive conditions, participants were more engaged in the task, therefore their outcome
prediction were more accurate. In contrast, during neutral incentive trials, participants
provided more stochastic behavioral responses, thus they were more likely to be surprised by
outcome feedback (i.e., unexpected wins and losses) and showed a larger FRN response in
general. Our interpretation on the FRN is consistent with a recent study from Pfabigan et al.
(2015) which also applied the MID task.

Author Manuscript

Most importantly, group differences across trial conditions between high and low
disinhibition participants were also observed with the FRN. Specifically, the FRN amplitude
varied as a function of disinhibition but not sensation seeking, such that correct outcome
elicited a larger FRN than incorrect outcome in high disinhibition groups during trials with
no incentives. In contrast, the FRN pattern among low disinhibition participants did not vary
as a function of incentive conditions. To our knowledge, this study is among the first ones to
report that correct feedback elicits a larger FRN than incorrect feedback in certain groups of
people (see also Cao, Gu, Bi, Zhu, & Wu, 2015), although it has long been acknowledged
that the FRN amplitude is sensitive to individual difference in personality constructs
(Proudfit, 2015; San Martín, 2012). According to the PRO model, this surprising finding
indicates that in the neutral incentive condition, correct outcomes were more unexpected
than incorrect ones for high disinhibition participants. In our opinion, high disinhibition
participants are more likely to be driven by extrinsic rewards; they had paid less cognitive
efforts to do the task under zero-value reward, thus they did not expect to perform correctly.
Consequently, correct outcomes violated their expectation more strongly in this condition
(see also Pfabigan et al., 2015). In contrast, low disinhibition participants expected to do the
right thing regardless of the incentive amount, indicating the effect of intrinsic motivation
(i.e., the inherent tendency to explore and to learn; see Ryan & Deci, 2000). This
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interpretation can help explain why disinhibition level accounts for variability in
maladaptive decision-making (Crone, Vendel, & van der Molen, 2003; Fischer & Smith,
2004).

Author Manuscript

The major neural contributor of the FRN is widely suggested to be the anterior cingulate
cortex (ACC) (M. X. Cohen, Wilmes, & van de Vijver, 2011), which is structurally and
functionally associated with levels of disinhibition (Kerr et al., 2015; Matsuo et al., 2009).
Accordingly, we suggest that the FRN data of this study also indicate the relationship
between disinhibition and ACC functioning, which supports the viewpoint of linking
different dimensions of impulsivity with separate brain circuits. Specifically, disinhibition
and sensation seeking are related to abnormal activity in prefrontal “executive” system
including the ACC and dopaminergic “impulsive” system, respectively (Dawe et al., 2004;
Gullo et al., 2014). Hypoactive ACC results in impaired top-down behavioral control
(Lyvers, Duff, Basch, & Edwards, 2012), which may underlie the low response accuracy of
high disinhibition participants.

Author Manuscript

Finally, as predicted, high sensation seeking levels were related to a larger P3 elicited by
outcomes, but this relationship was observed only in low disinhibition groups. Consistent
with the current study, a positive correlation between sensation seeking and P3 amplitude
has been reported in a novelty detection paradigm (Zheng et al., 2010). We extend previous
findings by revealing that the effect of sensation seeking interacts with disinhibition, which
should not be surprising regarding the shared biological connections of the two dimensions
(McDaniel & Mahan, 2008). In our opinion, the P3 result indicates stronger motivations of
high sensation seeking individuals when engaging in reward-related cognitive tasks, which is
support by our brain-imaging discovery that high sensation seekers show stronger activation
in brain regions associated with motivational salience (Joseph et al., 2009). We admit it is
unclear why the effect of sensation seeking diminished when disinhibition levels were
higher, but it might be related to the observation that the role of disinhibition in stimulant
dependence outweighs that of sensation seeking (Dawe et al., 2004), the theoretical
significance of which deserves future investigation. In addition, the key regions in the
dopaminergic reward processing system such as the ventral striatum, which play important
roles in the neural basis of MID task performance (Joseph et al., 2015; Knutson et al., 2000),
might have also contributed to the P3 findings (Pfabigan et al., 2014).

Author Manuscript

In sum, the importance of impulsivity dimensions manifested in both behavioral
performance and brain electric signals in the MID task. While disinhibition and sensation
seeking showed similar effects on response accuracy, the ERP results indicate a potential
way to dissociate them. Based on the ERPs, we suggest that high disinhibition scores are
associated with a more pessimistic outcome expectation when behavioral performance was
not rewarded (indexed by the FRN amplitude), possibly because high disinhibition
individuals have allocated less cognitive efforts on the task in this condition. Meanwhile,
high disinhibition individuals are also more likely to be emotionally affected by high
reinforcement cues than other conditions (indexed by the LPC amplitude). Finally, high
sensation seeking scores are associated with stronger motivational significance of outcome
feedback (indexed by the P3 amplitude), but this relationship is restricted by disinhibition
levels, which may represent an interaction between the two dimensions. Our findings have
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the potential to explain why disinhibition and sensation seeking are involved in different
periods of chronic drug abuse (Dawe et al., 2004). Specifically, disinhibition mainly affects
the processing of drug cues and associated behavioral responses, while sensation seeking
modulates drug-related experience. The current study also highlights the necessarily of
considering different impulsivity dimensions and their relationship with reward presence/
absence (Cservenka, Herting, Seghete, Hudson, & Nagel, 2012), but we should avoid the
risk of oversimplifying the distinction between two dimensions regarding that
neuropsychological processes underlying each dimension do not operate in isolation (Gullo
et al., 2014).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights
•

MID task accuracy decreased as a function of two dimensions of impulsivity.

•

Impulsivity biased brain responses to reinforcing stimuli at as early as 200
msec.

•

Under no incentive, an atypical FRN was seen in people with high
disinhibition.

•

The P3 was larger in high sensation seeking people when disinhibition was
low.
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Figure 1.

The sequence of events within a single trial of the MID task.
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Figure 2.

The electrode locations selected for the analysis of each ERP component.

Author Manuscript
Author Manuscript
Neuropsychologia. Author manuscript; available in PMC 2018 August 01.

Gu et al.

Page 22

Author Manuscript
Figure 3. The grand-average ERPs evoked by the cue at the Pz site, where the LPC (following
cue presentation) reached its maximum

The gray shaded area indicates the 450–850 ms time window in which the mean amplitude
of LPC was measured.
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Figure 4.

(a) The illustration of the three-way Incentive × Correctness × Disinhibition interaction
in the FRN (following outcome presentation). X axis: five different kinds of incentive cue.
In the neutral condition (light gray shaped area), correct outcomes elicited a larger FRN than
incorrect outcomes in high disinhibition groups; low disinhibition groups showed a reversed
pattern, but did not reach significance. (b) The grand-average ERPs evoked by the
outcome during the neutral incentive trials at the Fz site, where the FRN reached its
maximum. The dark gray shaded area indicates the 200–300 ms time window in which the
mean amplitude of FRN was measured.
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Figure 5.
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(a) The grand-average ERPs evoked by the outcome at the Cz site, where the P3
(following outcome presentation) reached its maximum. The gray shaded area indicates
the 300–450 ms time window in which the mean amplitude of P3 was measured. (b) The
illustration of the Disinhibition × Sensation Seeking interaction in the P3 (following
outcome presentation). dss: low disinhibition, low sensation seeking group; Dss: high
disinhibition, low sensation seeking group; dSS: low disinhibition, high sensation seeking
group; DSS: high disinhibition, high sensation seeking group.
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10/11
21.7 (2.7)
20.33 (3.23)
26.57 (4.61)
1.38 (4.20)
6.29 (9.57)
4.05 (7.16)
0.67 (3.06)
0.00 (0.00)
0.00 (0.00)

11/11

11.00 (2.14)
22.27 (4.78)
0.45 (2.13)
6.82 (9.49)
5.50 (7.46)
0.45 (1.53)
0.00 (0.00)
0.00 (0.00)

Disinhibition

Sensation Seeking

Tobacco

Alcohol

Caffeine

Marijuana

Inhalant

Cocaine

Opioid

5.71 (2.00)
8.29 (2.05)

3.81 (2.21)
4.96 (1.56)

3.27 (2.00)
3.95 (2.19)
7.12 (2.30)
18.77 (4.27)

5.05 (2.97)
14.68 (4.84)

TAS

Sum

ES

DIS

21.14 (5.01)

3.76 (2.43)

3.38 (1.77)

2.88 (2.05)

2.41 (2.09)

0.64 (2.99)

0.00 (0.00)

0.05 (0.21)

BS

0.00 (0.00)

0.00 (0.00)

0.68 (2.98)

6.77 (9.79)

8.50 (9.96)

0.59 (1.87)

42.91 (5.34)

15.32 (3.80)

21.5 (2.4)

11/11

dSS

25.12 (5.15)

7.94 (2.46)

6.94 (1.79)

6.24 (2.28)

4.00 (2.03)

0.10 (0.44)

0.00 (0.00)

0.00 (0.00)

0.95 (3.29)

9.52 (15.31)

8.95 (8.29)

0.48 (1.03)

42.57 (5.36)

24.33 (1.83)

21.8 (2.3)

9/12

DSS

< .01

< .01

< .001

.001

.085

.484

.951

.366

.751

.603

< .001

< .001

.249

p value

Abbreviations: dss: low disinhibition, low sensation seeking group; Dss: high disinhibition, low sensation seeking group; dSS: low disinhibition, high sensation seeking group; DSS: high disinhibition, high
sensation seeking group. BS: boredom susceptibility; DIS: disinhibition; ES: experience seeking; TAS: thrill and adventure seeking.

SSSV

ImpSS

Age

Gender ratio (male/female)
22.8 (3.3)

Dss

dss

Standard deviations of the means are provided in parentheses. The p values of the ANOVA tests are listed at the right side of corresponding variables
when available.

The group demographic information, status of substance dependence, as well as the results of Zuckerman’s Sensation-Seeking Scale (SSSV)

Gu et al.
Page 25

Neuropsychologia. Author manuscript; available in PMC 2018 August 01.

Author Manuscript

Author Manuscript

Author Manuscript
4.18 (0.41)
6.05 (0.36)
2.73 (0.36)

5.38 (0.45)
7.21 (0.40)
4.46 (0.37)

P3

LPC

FRN

Outcome (μV)

Cue (μV)

217.17 (2.45)

215.43 (2.20)

RT (ms)

5.68 (0.41)
11.19 (0.56)
4.21 (0.54)

6.95 (0.47)
12.46 (0.61)
4.82 (0.58)

P3

LPC

FRN

+0.12
65.1 (0.8)

+1.2
71.4 (0.7)

ACC (%)

3.56 (0.54)

9.61 (0.56)

5.40 (0.44)

2.08 (0.41)

5.26 (0.38)

3.46 (0.44)

225.10 (2.61)

58.9 (1.2)

0

4.22 (0.50)

11.17 (0.55)

5.79 (0.44)

1.94 (0.35)

5.70 (0.35)

3.99 (0.45)

217.41 (2.29)

68.1 (0.7)

−0.12

4.93 (0.56)

12.78 (0.60)

6.84 (0.48)

3.59 (0.39)

6.17 (0.40)

5.30 (0.58)

221.83 (2.37)

62.4 (0.7)

−1.2

In the neutral incentive condition, participants showed lowest behavioral accuracy (ACC), longest response time (RT), largest FRN (cue/outcome), as well
as smallest P3 (cue/outcome) and LPC (outcome). Please note that the FRN is a negative-going component, thus smaller values of amplitude indicate a
larger FRN.
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The main effect of incentive cue on behavioral and ERP data
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